ABSTRACT An experiment was conducted to investigate the effects of different dietary threonine (Thr) levels and immune stress on Pekin ducklings' growth performance, carcass traits, serum immune parameters, and intestinal mucin 2 (MUC2) and nuclear factor kB (NF-κB) gene expressions. A total of 320 Pekin ducklings was randomly assigned to a 5 × 2 factorial arrangement of treatments. Each treatment group consisted of 4 replicate pens with 8 ducks per pen. Ducklings were fed 5 graded levels of Thr: 0.49, 0.56, 0.60, 0.65, and 0.76% from hatch to 21 d of age. At 11 d of age, ducks in the stressed groups were challenged with bovine serum albumin (BSA), and ducks in the unstressed groups were injected with normal saline water. The results showed that increasing Thr supplementation from 0.49 to 0.56% in the diet can improve BWG; feed consumption; weight and relative weight of breast and leg; weight of liver, bursa of Fabricius, spleen, and thymus; serum natural immune globulin A (IgA) concentration; and MUC2 gene expression in the ileum of 21-day-old Pekin ducks, significantly (P < 0.05). Immune stress with BSA had a significant effect on 21-day-old Pekin ducklings' BWG, feed consumption, and weight and relative weight of breast and thymus (P < 0.05), but no interaction between BSA and dietary Thr content was noticed in our experiment in 21-day-old Pekin ducks (P < 0.05). Dietary Thr requirements of the unstressed groups and stressed groups based on broken-line model analyses for ducks' BWG were 0.705 and 0.603%, respectively, and for ducks' feed consumption were 0.724 and 0.705%, respectively.
INTRODUCTION
After methionine and lysine, Threonine (Thr) is the third-limiting amino acid for poultry fed corn-soybean meal diets (Kidd and Kerr, 1996; Corzo et al., 2007) . Also, poultry cannot synthesize Thr de novo, which makes it a nutritionally essential amino acid (Kidd and Kerr, 1996) .
There are many reports on the effect of Thr on ducks' growth performance and on the Thr requirements for ducks (Xie et al., 2014; Zhang et al., 2014 Zhang et al., , 2016 Jiang et al., 2016) , and there are many studies on the effect of Thr on the immune function, serum indicators, and intestinal health of broiler chickens, laying hens, and pigs (Faure et al., 2006; Law et al., 2007; Hamard et al., 2010; Wang et al., 2010; Azzam et al., 2011a; Azzam et al., 2012) , but less information is available on the effect of dietary L-Thr on ducks' carcass traits, immune systems, and intestinal gene expression. Thr is crucial for the function of the immune system, because it can improve immune response (Bhargava et al., 1971; Defa et al., 1999; Wang et al., 2006; Corzo et al., 2007; Li et al., 2007; Azzam et al., 2011a) and alleviate immune stress induced by Escherichia coli challenge or Newcastle disease virus (Bhargava et al., 1971; Defa et al., 1999; Wang et al., 2006; Corzo et al., 2007; Kadam et al., 2008; Ren et al., 2014; Trevisi et al., 2015) , although previous studies have shown that dietary Thr content did not affect the production of antibodies or innate or adaptive immune responses of broilers (Takahashi et al., 1994; Kidd and Kerr, 1997) .
Moreover, among the essential amino acids, Thr is crucial for intestinal growth and development, and it also plays an important role in the maintenance of the intestinal barrier integrity and mucin synthesis (Law et al., 2007; Wang et al., 2010) . Previous studies have demonstrated that increasing dietary Thr levels can improve intestinal morphology and barrier function, increase intestinal goblet cell density and expression of mucin 2 (MUC2) mRNA, and re-equilibrate the gut microbiota composition in a variety of animals (Faure 177 et al., 2006; Law et al., 2007; Hamard et al., 2010; Wang et al., 2010; Azzam et al., 2011a; Azzam et al., 2012) .
Under commercial conditions, a higher level of Thr that exceeds the current NRC (1994) is required to achieve maximum immune function and health status for broilers and turkeys (Corzo et al., 2007; Star et al., 2012) . Although the Thr requirements for ducks were not outlined by the NRC (1994), Xie et al. (2014) and Zhang et al. (2014) reported that Thr requirements for starter and growing of Pekin ducks based on growth performance were 0.67% and 0.62 to 0.73%, respectively. However, studies regarding the effects of dietary Thr based on the carcass trait and immunity of ducks at an early age are rare.
Therefore, this study was conducted to evaluate the effects of different dietary Thr levels and immune stress on growth performance, carcass traits, serum immune parameters, and intestinal MUC2 and nuclear factor kB (NF-κB) gene expressions.
MATERIALS AND METHODS

Ethics Statement
All animal use was carried out in strict accordance with the Directions for Caring of Experimental Animals from the Ministry of Science and Technology, China.
Feed Formula
The composition of the basal diet is presented in Table 1 . Graded concentrations (0.07, 0.14, 0.21, and 0.28%) of crystalline L-Thr were added to this basal diet to produce 4 experimental diets, and ducks were fed with these diets. Five dietary treatments were formulated in this study to contain 0. 50, 0.57, 0.64, 0.71, and 0.78% Thr of diet (0.49, 0.56, 0.60, 0.65 , and 0.76% Thr on an analyzed basis), which used the Thr requirement of broilers (0.74% Thr of diet) according to the NRC (1994) and practical production experiments as references, because no value was estimated for ducks in the NRC (1994) . But the other nutrients met the requirements of ducks based on the NRC (1994) nutritional recommendations. The analyzed concentration of the main nutrients of the 5 diets on an as-fed basis is presented in Table 2 . All diets were fed in mash form in this experiment. Protein and amino acids levels of the corn, soybean meal, and corn gluten meal were analyzed before diet formulation.
Experimental Design and Feeding Management
This experiment was performed using a 5 × 2 factorial experimental design with 5 dietary Thr levels and 2 immune status [injected with bovine serum albumin (BSA) or not]. In August 2016, a total of 320 healthy one-day-old Pekin ducks was obtained from a commercial hatchery (Qianjin Farms, Beijing, China) and reared in wire-floor pens (150 × 50 × 40 cm) from hatch to 21 d of age. A constant intermittent lighting program provided 22L: 2D for these 21 d, and temperature was progressively reduced from 32 to 27
• C. Feed and water were provided ad libitum. Ducklings were inspected daily for any health problems, and mortality was recorded as it occurred. Pekin drakes with an average BW of 56 ± 5 g and the same batch of hatching were assigned to 10 different experimental treatments. Every treatment group consisted of 4 replicated pens with 8 ducks per pen.
At 11 d of age, every duck in the stressed groups was injected with 1 mL normal saline liquid containing BSA (5 mg/mL) in the muscle of the left leg, and every duck in the un-stressed groups was injected with 1 mL normal saline liquid.
Growth Performance
Growth performance was measured from hatch to 21 days. Ducks and feed were weighed at 7, 14, and 21 d of age to evaluate the feed consumption, BWG, and FCR. Duck mortality was recorded daily, and the weights of dead ducks were used to correct the FCR.
Carcass Traits and Immune Organs
At 22 d of age, the BW of 12 ducks per treatment (3 ducks/pen, 4 pens/treatment) were measured. Then these ducks were slaughtered and the breast meat, leg meat, abdominal fat, liver, bursa of Fabricius, spleen, and thymus were collected and weighed. 
Serology Parameters
At 17 d of age, 4 ducks per treatment (one duck/pen) were chosen randomly, and about 2 mL of blood per duck were collected from the right jugular vein for BSA tests. Blood was centrifuged at 1,400 × g at 8
• C for 15 min to obtain serum, which was preserved at −20
• C. An enzyme-linked immunosorbent assay (ELISA, LBTR-EL, Laboratory co. LTD, Beijing, China) was used for detection of antibodies against BSA (BSA1) according to manufacturer instructions. Absorbency was measured at 450 nm using an ELISA reader (Rainbow 722, Gaomi, Shandong, China) by standard procedures.
At 21 d of age, 12 ducks per treatment (3 ducks/pen) were chosen at random, and about 2 mL blood samples per duck were collected from the right jugular vein to analyze the concentration of immune globulin A(IgA), immune globulin M (IgM), immune globulin Y (IgY), antibodies against BSA (BSA2), interferon-α (IFN-α), interferon-β (IFN-β), interferon-γ (IFN-γ), interleukin-4 (IL-4), interleukin-6 (IL-6), and lysozyme (LZM) in the serum. Among them, IgM and IgA were measured by specific commercial kits (Laboratory co. LTD, Beijing, China) using an autoanalyzer (Rainbow GF-D200 automatic autoanalyzer, Gaomi, Shangdong, China), and other serum indicators were measured by ELISA (LBTR-EL, Laboratory co. LTD, Beijing, China).
Gene Expression of MUC2 and NF-κB
At 22 d of age, 4 ducks per treatment (one duck/pen) were selected at random and slaughtered by exsanguination. Approximately 3 cm length intestine samples were collected from the jejunum (from the distal duodenal loop to Meckel's diverticulum) and ileum (starting from Meckel's diverticulum to the ileocecal junction).
After collection, the samples were washed with saline solution and then stored in RNA later at −80
• C for mRNA determination.
Total RNA from intestinal tissues was extracted following the Trizol (Sangon Biotech, Shanghai, China) protocol. Extracted RNA was quantified by Nanodrop 1000 (Persee, Beijing, China), and RNA integrity was electrophoretically verified on a 1.5% agarose gel. Total RNA from each sample was reverse transcribed into cDNA using the RevertAid Premium Reverse Transcriptase (Thermo Scientific, Waltham, MA), and cDNA was then diluted 1:10 with nuclease-free water before being used for real-time PCR. Real-time PCR was performed on the BioRad iCycler with the fast start SYBR green-based mix (Roche, Basel, Switzerland). Primer sequences of MUC2 were as follows: forward: GGTCTGTGTGGCAACTTTGA-3 and reverse: ATCTGGGATAGCAACCTTCC-3 . Primer sequences of NF-κB (Guo, 2012) were as follows: forward: CAACGCAGGACCTAAAGACAT-3 and reverse:
CAGTAAACATAAGACGCACCACA-3 . The primer sequences of Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were as follows: forward: ATGTTCGTGATGGGTGTGAA-3 and reverse: CTGTCTTCGTGTGTGGCTGT-3 . Quantification of MUC2 and NF-κB transcripts was performed using the ΔΔCT method with normalization against the GAPDH. The PCR product from the pooled sample for ducks was sequenced at the Sangon Biotech Company Laboratory (Sangon Biotech Company, Shanghai, China).
Statistical Analysis
Data were analyzed by the SAS 2-way ANOVA procedure (version 9.2, SAS Institute), with the pen being used as the experimental unit. The effects of BSA, dietary Thr levels, and their interaction composed the statistics model. Linear and quadratic polynomial contrasts were performed to determine the effect of supplemental Thr in the diet at 2 levels of immune states. Variability in the data was expressed as standard error of the means (SEM). A probability level of P < 0.05 was considered to be statistically significant. In the present study, when regression was significant (P < 0.05), linear and quadratic broken-line regression analyses (Robbins et al., 2006) were used to estimate the Thr requirements of ducks using the SAS NLIN procedure (version 9.2, SAS Institute). The 2 lines are fitted to the values using the following equations:
Where X = independent variable, R = Thr requirement, y = dependent variable, L = theoretical maximum, I = 1 (if X < R) or I = 0 (if X > R), and U = rate constant. The coefficient of determination (R 2 value) was determined as follows: R 2 = 1 -(residual sum of squares/corrected total sum of squares). In addition, according to the statistical method suggested by Sterling et al. (2003) , a t test was used to determine if there was a difference (P < 0.05) in Thr requirements between the 2 immune levels.
RESULTS
Dietary Thr contents of different treatments were 0.49, 0.56, 0.60, 0.65, and 0.76%, which were consistent with the calculated values ( Table 1 ). All the following data were expressed on an analyzed Thr. Mortality rate of the ducks was low during this experimental period.
Growth Performance
Growth performance results of Pekin ducklings from hatch to 21 d of age are presented in Table 3 . During the experimental period, interactions of immune stress and dietary Thr level were not significant for ducklings' BWG, feed consumption, or FCR (P > 0.05). Immune stress decreased BWG and FCR significantly (P < 0.05) and had no significant effect on feed consumption (P > 0.05). BWG and feed consumption improved linearly and quadratically with increased dietary Thr levels (P < 0.0001), and FCR also exhibited quadratic responses for ducks (P < 0.05). Both stressed and unstressed ducks optimized their BWG and feed consumption at 0.76% Thr. Moreover, increasing the Thr supplementation (from 0.60 to 0.76%) could increase FCR significantly (P < 0.05).
Carcass Trait
All carcass trait results of 21-day-old Pekin ducklings are shown in Table 4 . During the experimental period, there were no significant interactions between Thr level and immune stress for all carcass trait data. Immune stress decreased weight and relative weight of breast meat significantly (P < 0.05), but had no significant effect on weight or relative weight of leg meat and abdominal fat. Breast meat weight, relative breast meat weight, and leg meat weight improved linearly and quadratically with increased dietary Thr levels (P < 0.0001). Relative leg meat weight improved quadratically with Thr levels (P < 0.0001). However, abdominal fat weight tended to increase linearly with Thr supplementation (P = 0.0861).
Immune Organs
Results of immune organ weight and relative weight are presented in Table 5 . During the experimental period, no significant interactions between immune stress and dietary Thr levels could be found for all immune organ data. Immune stress caused by an injection with BSA had a significant effect on relative liver weight, average thymus weight, and relative average thymus weight of Pekin ducklings (P < 0.05). Weight of the liver, spleen, and average thymus improved linearly and quadratically with increased dietary Thr levels (P < 0.05), and the relative weight of spleen also exhibited linear responses with the change of Thr concentrations (P < 0.05).
Serum Immune Measurements
Results of serum immune measurements of Pekin ducklings are shown in Table 6 . No interactions between immune stress with BSA and dietary Thr levels were found for all serum immune measurements. Immune stress caused by an injection with BSA had a significant effect on the concentration of BSA1, IFN-γ, and LZM, and also influenced the concentration of IFN-α (P = 0.0674). Although all serum immune measurements exhibited no linear or quadratic responses with the change of Thr concentrations, Thr supplementation (from 0.56% to 0.60%) increased the concentration of IgA in the serum significantly (P < 0.05).
MUC2 and NF-κB Intestinal Gene Expression
MUC2 and NF-κB mRNA gene expression results from the jejunum and ileum are shown in Table 7 . There were no significant interactions between immune stress caused by BSA and supplementation of Thr for MUC2 or NF-κB gene expression. A Thr level from 0.49 to 0.56% could increase MUC2 gene expression of ducklings' ileum significantly (P < 0.05). MUC2 gene expression of ducklings' ileum improved linearly (P = 0.0328) and quadratically (P = 0.0410) with increased dietary Thr levels.
Thr Requirement
The Thr requirement was determined as a percentage of the diets using linear and quadratic brokenline analyses (Tables 8 and 9 ). The quadratic brokenline model estimated higher requirements than the linear broken-line model for all response criteria. In the unstressed groups, the highest (0.724%) and the lowest (0.577%) Thr requirements with linear broken-line analysis were estimated for food intake and liver weight. The highest (0.845%) and the lowest (0.610%) Thr requirements with quadratic broken-line analysis were estimated for food intake and liver weight, too. Similarly, in the stressed groups, the lowest (0.592%) Thr requirement with linear broken-line analysis was estimated for liver weight. The lowest (0.635%) Thr requirement with quadratic broken-line analysis was estimated for liver weight, too. In spite of a relatively larger confidence interval, which indicates the greater levels of variance for the regression, estimated requirements based on weight of the breast, leg, and spleen in the stressed groups were higher than those in the unstressed groups.
DISCUSSION
The most frequently used method to assess the nutrient requirements of growing animals is dose-response experimental design (Barkley and Wallis, 2001 ). This method can determine the minimal amount of one nutrient (known as requirement) to reach minimum responses for several criteria during a special period. It requires the studied nutrient to be the only limiting factor in the feeding, and no others should be limiting. In this study, to make sure that lysine and methionine were not limiting, the formulated concentrations of lysine (1.11%) and methionine (0.49%) in all treatments were formulated based on Lys and Met requirements recommended by previous researchers (NRC, 1994; Bons et al., 2002; Xie et al., 2004) . In order to achieve the 0.49% dietary Thr, the corn inclusion was minimized so that the formulated crude protein level (19.12%) was lower than the NRC (1994) requirement (22%) for Pekin ducks from hatch to 2 wk of age. But the higher ratios of lysine to protein and methionine to protein in the formulated diets can solve this problem, and made Thr to be the first-limiting amino acid (Min et al., 2016) . Therefore, it is reasonable to assume that the observed responses to diets were due only to the increase in the studied dietary Thr concentration.
From the result of this study, higher dietary Thr levels can improve 21-day-old Pekin ducks' BWG and feed consumption, but had no significant effect on FCR, which means that Thr could coordinate the proportion of different amino acids in diets, prompt protein deposition of ducks' bodies, and then let the ducks express the best growth performance. This conclusion was in accordance with the previous study of Jiang et al. (2016) , but different from Zhang et al. (2016) and Xie et al. (2014) , which revealed that FCR was influenced by Thr significantly. This might due to the different ranges of Thr and crude protein levels. Nevertheless, all their studies found that FCR decreased quadratically as dietary Thr increased. A large number of studies for starter broiler chickens (Dozier et al., 2015; Min et al., 2016 ) also have shown the same conclusion. In general, increasing moderate dietary Thr levels could improve growth performance of Pekin ducks, but deficiency or excess of Thr concentration would cause their growth depression, which elucidated that animals would show low growth performance if fed a Thr-imbalanced diet.
The best way to test ducks' carcass traits is to measure the yield of breast, leg meat, and abdominal fat. Our experiment showed that increasing Thr levels in the diet improved the yield of breast and leg meat significantly, but had no significant effect on yield of abdominal fat. Similarly, Zhang et al. (2014 Zhang et al. ( , 2016 found that Thr supplementation can improve breast yield of 14-and 35-day-old Pekin ducks. In this experiment, no significant difference was noticed in ducklings' abdominal fat, whether dietary Thr increased or not, perhaps because abdominal fat begins to appear when ducks are 2 wk old or more, and a 3-week experimental period was too short for abdominal fat growth. There are fewer published papers about how dietary Thr levels could influence Pekin ducks' carcass traits; however, many previous articles about broiler chickens and laying hens can help solve these problems. In contrast to this study, Dozier et al. (2016) found that, for 42-dayold broilers, increasing Thr levels decreased abdominal fat weight and percentage, but did not alter carcass or breast weight. Nevertheless, Abbasi et al. (2014) raised broiler chicks from 1 to 42 d and found that increasing dietary Thr concentrations could improve 42-day-old chicks' drumstick and breast percentage of live BW significantly, and Taghinejad-Roudbaneh et al. (2013) had a similar conclusion. In consequence, increasing dietary Thr supplementation can improve avian carcass traits, which includes increasing the breast and leg meat yield and the decreasing abdominal fat.
Thr is the main component of avian immunoglobulin G, and Thr is the main limiting amino acid for poultry, too. Moreover, Thr can participate in the immune system establishment and has a very close relationship in the immune system's tissue and organ development. When the animal body has sufficient Thr content, antigens can stimulate different immune responses in the body, but when the body has insufficient Thr content, Thr efficiency will inhibit the production of immunoglobulins, lymphocyte T and B, thus hindering the formation of antibodies or reducing the rate of antibody formation, ultimately harming the body's normal immune function. Therefore, increasing dietary Thr level can improve ducks' immune function and reduce prevalence and mortality. To test ducks' immune function, this experiment tested the weight and relative weight of immune organs, which included the liver, bursa of Fabricius, spleen, and thymus, and the content of serum immune indicators, which included IgA, IgM, IgY, antibody against BSA, IFN-α, IFN-β, IFN-γ, and LZM.
Analysis of weight and relative weight of immune organs could help to evaluate the general immune health status of animals. From the results of this experiment, increasing Thr supplementation in diets can increase the weights of 21-day-old Pekin ducks' liver, bursa of Fabricius, spleen, and thymus significantly, but had no significant effect on their relative weights. There are Azzam and El-Gogary (2015) and Taghinejad-Roudbaneh et al. (2013) had a conclusion similar to this experiment. However, in the experiment of Corzo et al. (2007) , for broilers raised on the built-up soft wood shavings, increasing Thr supplementation can increase their relative thymus weight significantly. It is different from this experiment, perhaps because the ducks were raised in clean nets. In consequence, increasing dietary Thr level had a significant effect on avian immune organ weights, but had no effect on their relative weights. Increasing dietary Thr levels can increase production of immunoglobulins in animal's serum, perhaps because Thr accounts for 7 to 11% of immunoglobulin proteins (Tenenhouse and Deutsch, 1966; Kim et al., 2007; Sandberg et al., 2007) , and Thr, proline, and (Feehally, 1997) .
From the result of our study, serum natural IgA was increased by dietary Thr levels for 21-day-old Pekin ducks. In contrast to our results, for laying hens, Azzam et al. (2011b) found no significant increase for serum IgA. But in another experiment, Azzam et al. (2011a) found that increasing the Thr level from 0.47 to 0.87% could increase IgA concentration in the ileum. This might because IgA predominates in digestive secretions, reproductive tracts, tears, and bile (Lundqvist et al., 2006) . Most of the recent experiments focused on intestinal concentrations of immunoglobulins (Li et al., 2016; Chen et al., 2017) and IgA gene expression (Kermanshahi et al., 2017) . Moreover, from the result of our study, serum natural IgM and IgY were not affected by different dietary Thr levels. Similarly, Zhang et al. (2014 Zhang et al. ( , 2016 found that increasing dietary Thr content had no effect on IgM for 14-day-old Pekin ducks, but can increase serum level of IgY for 14-and 35-day-old Pekin ducks. This is perhaps because serum endogenous IgY appears when ducks were 20 d of age (Liu and Higgins, 1990) , and the maturation rates and maternal IgY status of 21-day-old ducks might be different. In this experiment, increasing Thr supplementation could increase MUC2 gene expression of ducklings' ileum significantly, but had no significant effect on gene expression of MUC2 or NF-κB in the jejunum and NF-κB in ileum. Expression of MUC2 was so particularly sensitive to a Thr deficiency due to the high concentration and structural importance of Thr in the mucin protein backbone (Gum, 1992; Lien et al., 1997; Montagne et al., 2004) . In addition, the portal-drained viscera (PDV) have a high obligator requirement for Thr (Stoll, 2006) , so the intestine may have priority over other tissues for Thr utilization (Hamard et al., 2009 ). For 14-day-old ducks, Horn et al. (2009) had a conclusion similar to ours. However, in contrast to this study, Zhang et al. (2014) found that increasing dietary Thr level had no significant effect on MUC2 gene expression in 35-day-old Pekin ducks' jejunum and ileum. This might due to the different Thr levels and different duck ages for us. For laying hens in high temperature and humidity environments, increasing the Thr level from 0.47 to 0.67% can improve MUC2 gene expression in both the jejunum and ileum significantly (Azzam et al., 2011a) .
Compared to other researches, this study used more dietary Thr concentrations, and this made it more possible to estimate Thr requirements of Pekin ducks accurately. Many experiments used linear broken-line regression to estimate Thr requirements of broilers (Rangel-Lugo et al., 1994; Wils-Plotz et al., 2013; Dozier et al., 2016) and ducks Zhang et al., 2016) successfully. Previously, Pesti et al. (2009) and Strathe et al. (2011) found another model to estimate amino acid requirement-quadratic brokenline regression; Jiang et al. (2016) and Xie et al. (2014) had already used this regression in their studies for Pekin ducklings. In this study, both of these regressions were used to compare their functions. From the result of our study, Thr requirements based on the weight of breast, leg, and spleen in the stressed groups were higher than those in the unstressed groups, perhaps because Thr inclusion can improve immune response and alleviate the immune stress (Chen et al., 2017) . Previous studies also have shown that animals need a higher Thr requirement when they are under stress than under normal status (Ren et al., 2014; Trevisi et al., 2015) . Moreover, from the result of this study, the R 2 value in the quadratic broken-line model was higher than that in the linear broken-line model, and for all data, Thr requirements from the quadratic broken-line model were higher than those from the linear broken-line model, which were more fit to actual production condition. But for ducks in the stressed groups, the range of Thr requirements from quadratic broken-line based on weight of the breast and leg were much wider, maybe because the average weights of the breast and leg of ducks fed with 0.76% Thr in the stressed groups were too much higher than other Thr concentrations, and maybe these outliers influenced the Thr requirement results tested from the quadratic broken-line model. In conclusion, the quadratic broken-line model could provide a better fit to data, so it is better than the linear broken-line model to estimate Thr requirements.
Overall, immune stress with BSA had a significant effect on 21-day-old Pekin ducklings' BWG, feed consumption, and weight and relative weight of breast and thymus, but no interaction between BSA and dietary Thr content was noticed in this experiment. Perhaps because, unlike usual immune stress induced by viruses such as Newcastle disease virus and duck plague virus, BSA does not have strong toxicity for ducks. In addition, BSA is commonly used as the antigen in immunological tests, and testing its antibody titer can reflect an animal's humoral immunity. For example, Defa et al. (1999) used BSA for testing the effect of dietary Thr levels on concentration of the BSA antibody in serum to test pigs' humoral immunity (Defa et al., 1999) . Like BSA, sheep red blood cell (SRBC) is also a commonly used antigen in immunological tests (Kidd and Kerr, 1997; Takahashi et al., 1998; Kidd, 2000; Kidd et al., 2003) .
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